The Direct Torque Control (DTC) technique for Permanent Magnet Synchronous Motors (PMSM) is receiving increased attention due to its simplicity and robust dynamic response when compared with other control techniques. The classical switching table based DTC results in large flux and torque ripples in the motors. Several studies have been reported in the literature on classical DTC. However, there are only limited studies that actually discuss or evaluate the classical DTC. This paper proposes, novel switching table / DTC methods for PMSMs to reduce torque ripples. In this paper, two DTC schemes are proposed. The six sector and twelve sector methodology is considered in DTC scheme I and DTC scheme II, respectively. In both DTC schemes a simple modification is made to the classical DTC structure. The two level inverter available in the classical DTC is eliminated by replacing it with a three level Neutral Point Clamped (NPC) inverter. To further improve the performance of the proposed DTC scheme I, the available 27 voltage vectors are allowed to form different groups of voltage vectors such as Large -Zero (LZ), Medium -Zero (MZ) and Small -Zero (SZ), where as in DTC scheme II, all of the voltage vectors are considered to form a switching table. Based on these groups, a novel switching table is proposed. The proposed DTC schemes are comparatively investigated with the classical DTC and existing literatures through theory analysis and computer simulations. The superiority of the proposed DTC method is also confirmed by experimental results. It can be observed that the proposed techniques can significantly reduces the torque ripples and improves the quality of current waveform when compared with traditional and existing methods.
I. INTRODUCTION
In 1971 F. Blaschke proposed the concept of Field Oriented Control (FOC) for Induction Motors [1] . Since, that time, the FOC has dominated in the advanced AC drive market, even though it has complicated structure. Thirteen years later, a new control technique for the Torque Control of Induction Motors was proposed by I. Takahashi and T. Noguchi in the form of Direct Torque Control (DTC) [2] . Two years later M. Depenbrock presented another control technique referred to as Direct Self Control (DSC) [3] . The first follows a Circular Trajectory and later follows a Hexagon Trajectory. Both of them proved that it is possible to obtain a good dynamic control of torque without sensors on the mechanical shaft. Thus DTC and DSC can be considered as sensorless type control techniques.
The DTC scheme is normally preferred for low and medium power applications, where as DSC scheme is preferred for high power applications. In this paper, attention is focused on the DTC, which is best suited for low and medium power applications. The DTC overcomes the drawbacks of FOC such as the requirements of current regulators, co-ordinate transformations and PWM signal generators. DTC also provides high efficiency, high power /1) difficulty controlling the torque at very low speed 2) high current and torque ripples Most of the surveyed studies [8] - [17] have analyzed classical DTC using a two level inverter and all of them have presented a high degree of torque ripple under dynamic conditions and this is reflected in the speed and current too. In this paper, the possibilities for the minimization of torque ripple in DTC is the focus. The minimization of torque ripple is achieved by improvements in the following areas, the inverter, number of sectors and switching table.
In this paper, the conventional two level inverter is replaced by a three level Neutral Point Diode Clamped (NPC) inverter which has 27 voltage vectors, where as only 8 voltage vectors were available with the classical DTC. In the 27 voltage vectors, there are six large and six medium voltage vectors, twelve small voltage vectors and three zero voltage vectors.
Some studies [18] - [24] presented three level inverters with classical DTC, but they utilized all 27 voltage vectors to construct the switching table. The authors of [29] used a Fuzzy Logic Controller to reduce torque ripple by adjusting the bandwidth of the hysteresis torque controller. In order to maintain a constant switching frequency the width of the hysteresis band was analytically calculated and optimized by the authors of [30] . The width of the hysteresis band was set to zero in most of the studies to reduce the torque ripple. In this paper the hysteresis bandwidth is set to zero. This paper also proposes four kind of DTC methods to reduce torque ripple. In DTC method 1, only the large and zero voltage vectors are used to construct a switching table, where as in DTC method 2, the medium and zero voltage vectors alone are utilized to construct a switching table. The small and zero voltage vectors are considered to form a switching table for DTC method 3. In DTC method 4 all the voltage vectors are considered for a switching table.
Thus based on the experience of the authors, a fair comparison between all the methods is presented in both steady state and external load disturbance / dynamic conditions. This comparison is useful to indicate to users which of the methods can be effectively utilized for various applications that require torque control.
II. VOLTAGE VECTOR IMPACT ON TORQUE
An understanding of the effect of the voltage vector on the torque is mandatory for torque control. According to the principle of DTC, the electrical angle between the stator and rotor flux vectors, δ can control the torque developed by the PMSM. In the background this can be achieved by controlling the voltage vector. Hence, the voltage vector is the prime controllable input variable in DTC. However, it is mandatory to develop a relation between the torque developed by the PMSM and the voltage vector.
The voltage and stator flux equations in the stationary frame are expressed as:
(2) From (1) and (2), the following are obtained:
In the DTC of PMSMs, it is necessary to develop the relationship between the input voltage and the developed torque. The torque developed by the PMSM in the stationary frame is expressed as:
Differentiating (5) with respect to time t results in:
Substituting (1), (2) and (4) Electrical rotor speed It can be seen from (7) , that the equation contains three components [25] - [27] . The second component is negative and is a function of speed. The third component is also negative and depends on the stator resistance. The first component is always positive and depends on the voltage vector. From this, it is concluded that the non-zero vectors always increases the developed torque and the zero vectors always decreases the developed torque.
III. CLASSICAL DTC
Based on the errors between the reference and actual values of the torque and flux, it is possible to directly control the inverter switching states in order to reduce the torque and flux errors within prefixed band limits. That is why this technique is called Direct Torque Control. A block diagram of the classical DTC for PMSMs is shown in Fig. 1 .
The basic principle of DTC is to select stator voltage vectors according to the differences between the reference and actual torques. The reference and actual values of the stator flux are processed through a two level hysteresis comparator. If the error is positive, the magnitude of the flux has to be increased and is denoted as
If the error is negative, the magnitude of the flux has to be decreased and is denoted as 
The rotor reference speed is compared with the actual rotor speed and the error obtained is converted into reference torque by using a suitable PI regulator.
The reference and actual torques are processed through a three level hysteresis comparator. If the error is positive, the magnitude of the torque has to be increased and is denoted as dT = 1 e
. If the error is negative, the magnitude of the torque has to be decreased and is denoted as dT = -1 e
. If the error is zero, the magnitude of the torque has to be kept constant and is denoted as dT = 0 e . 
IV. PROPOSED DTC METHOD
The classical DTC uses a two level inverter and produces only eight voltage vectors which includes six non-zero vectors and two zero vectors. This does not allow for a smooth variation in the flux and torque. This could be one of the main reason for large flux and torque ripples.
In this proposed DTC method, the two level inverter is replaced by a NPC three level inverter. Due to the increment in the level of the inverter, there are 27 voltage vectors available to construct the switching table. Among these there are six large vectors (V1, V3, V5, V7, V9, V11), six medium vectors (V2, V4, V6, V8, V10, V12), three vectors (V0, V25, V26) and twelve small vectors. The inference from section 3 is that the switching table plays an important role in the DTC technique. For a proper switching table the best result can be obtained. The structure of the proposed DTC schemes is shown in Fig. 2 . The proposed DTC methods provides satisfactory results when compared to classical DTC. Table I shows the technical data for the proposed DTC schemes.
In the proposed DTC schemes, the stator flux reference is calculated from the torque reference based on the Maximum Torque per Ampere (MTPA) principle to increase the efficiency of the system [7] . In the conventional method, the stator flux reference is calculated offline by using the machine parameters. In this paper, the stator flux reference is calculated in the online mode by substituting the instantaneous value of the torque reference in equation (14). 
A. DTC Method 1
The proposed DTC scheme I includes DTC method 1, DTC method 2 and DTC method 3. In addition, the six sector methodology is considered in this scheme. The proposed DTC method 1 utilizes large and zero voltage vectors. In this method 9 voltage vectors are used where 6 of them are large voltage vectors and 3 of them are zero voltage vectors. This method is almost an imitation of the classical DTC, because in both cases only large and zero voltage vectors used. The switching table is constructed using these 9 voltage vectors. The switching table developed in this method is similar to the classical DTC switching 
B. DTC Method 2
In the proposed DTC method 2, medium and zero voltage vectors are used to construct the switching table. In this method, there are 6 medium voltage vectors and 3 zero voltage vectors. In DTC method 1, large and zero voltage vectors are used, which means the switching is between large voltage vectors and zero voltage vectors. This will produce large ripples in the flux and torque. However, in DTC method 2, medium and zero voltage vectors are used, so the ripples in the flux and torque are considerably reduced when compared to DTC method 1. This can be observed from Fig. 8 -Fig. 12 .
C. DTC Method 3
DTC method 2 produces slightly less torque ripple when compared to the classical DTC method and DTC method 1. This is because no large voltage vectors used in this method. From the experience of the previous methods, it can be seen that the switching of vector plays an important role in the flux and torque ripple reduction. The switching from zero voltage to large / medium voltage increases the ripples in the flux and torque, as well as the harmonic content and stress across the switching devices.
To overcome these problems, an appropriate switching table is constructed using only small and zero voltage vectors. Equation (7) tells us that the large voltage vectors contributing to torque in the same direction will lead to large errors in the actual torque. This is true for small voltage vectors as well. However, lesser torque ripples can be expected by combining small and zero voltage vectors. There are 12 small voltage vectors and 3 zero voltage vectors available in this method. The small voltage vectors exist in redundant pairs i.e. six positive small vector and six negative small vector. As a result, the switching table is formed either by using positive small vectors or negative small vectors in order to balance the neutral point potential. The small voltage vectors are selected to meet the demand of the flux and torque, as well as to reduce the flux, torque ripples and mechanical vibrations. This ensures the safe operation of the entire system. V19  V21  V23  V13  0  V0  V26  V0  V26  V0  V26  -1  V23 V13  V15  V17  V19  V21   0   1  V17 V19  V21  V23  V13  V15  0  V0  V26  V0  V26  V0  V26  -1  V21 V23  V17  V19  V21  V23   TABLE V SWITCHING 
D. DTC Method 4
DTC method 4 comes under the category of DTC scheme II which is different in terms of the number of sectors used and the techniques used in switching table formation. In this scheme, all of the voltage vectors (L, M, S, Z) are used to form the switching table.
V. SIMULATION AND RESULTS
MATLAB / Simulink is used to perform the simulation for the proposed DTC methods and the classical DTC method. The machine parameters used in this paper are the same as those used in literature [26] and [28] . In this paper, the simulation results of the classical DTC, DTC method 1, DTC method 2, DTC method 3 and DTC method 4 are presented. For all of the methods, the performance analysis was carried out on different aspects like the performance at different operating points and performances during external load disturbances. 
A. Comparative Study with Existing Work
First, the classical DTC will be carried out to show the effectiveness of the proposed DTC methods. The proposed methods are also compared with existing methods reported in [26] and [28] . The switching table used in this paper is different from those used in [26] and [28] and it is developed based on Table I . Fig. 3 to Fig. 7 presents the responses at 1000 rpm with an external load of 3 Nm applied at 0.1 s for the classical DTC and all of the proposed DTC methods. From top to bottom, the waveforms are the stator current, torque, flux, rotor speed and harmonic analysis of the stator current, respectively. Form Table VI , it can be seen that the torque ripple in all of the proposed DTC methods are smaller than the torque ripple in the classical DTC. For simplicity, the proposed DTC methods are classified into two categories. The first DTC scheme (DTC method 1, DTC method 2 and DTC method 3) using two voltage vectors in the switching table, and the second DTC scheme (DTC method 4) using three voltage vectors to form the switching table. It can be seen that the torque ripple of DTC method 1 is slightly less than that of the classical DTC. This is due to the fact that both methods utilize two voltage vectors, such as large and zero voltage vectors (see Table 1 ), in their switching table. The slight reduction in the torque ripple is due to the effective voltage vector used in the switching table. The two voltage vector is also used in DTC method 2 and DTC method 3. Compared with DTC method 1, there is lesser torque ripple reduction in DTC method 2, whereas there is a significant reduction in DTC method 3. However, DTC method 4 provides a much lower torque ripple when compared with the other proposed DTC methods. From the above discussion, it can be seen that the four voltage vector based DTC can significantly reduces the torque ripple when compared to the classical DTC and the other existing DTC methods (refer Table VI ). Of the two voltage vector based DTCs (DTC method 1, DTC method 2 and DTC method 3) DTC method 3 exhibits the best performance. The key point in this DTC is that the small voltage vectors contribute to torque in the same direction and produce a smaller torque ripple when compared to the classical DTC, DTC method 1 and DTC method 2. One more important observation is that if a small voltage vector is included in the combination, less torque ripple is produced.
Table VI provides a quantitative comparison of the proposed DTC methods with all of the other DTC methods. The proposed DTC methods produces lesser torque ripple when compared to classical DTC and other existing methods [26] and [28] . When compared with the existing DTC methods [26] and [28] , the proposed DTC methods 3 and 4 provide lesser torque ripple. The Root Mean Square (RMS) torque ripple is followed in the literature [26] , [28] and it is followed in this paper as well. The proposed DTC 3 results in a torque ripple that is only 54.49 %, 89.36 % and 98.38 % of that of the classical DTC, literature [26] and [28] , respectively. Similarly, the proposed DTC method 4 produces torque ripple that is only 55.24 %, 90.59 % and 99.73 % of that of the classical DTC, literature [26] and [28] , respectively. The average commutation frequency is calculated using the formula, av f = N/K/0.05, where, N is the total commutation instants of all the legs of the inverter used in the DTC methods during a fixed period, e.g., 0.05 s in this paper, and K is the switch number. DTC method 3 and DTC method 4 provide lesser average commutation frequency when compared to the classical DTC and the results reported in literature [26] and [28] . The proposed DTC methods 3 and 4 exhibit better performance in terms of torque ripple and average commutation frequency, av f . The average commutation frequency of DTC method 3 is 1.63 kHz and for DTC method 4 it is 3.09 kHz, which is less than in literature [26] and [28] .
The proposed DTC method 3 has an average commutation frequency, av f that is only 30.41 %, 36.96 % and 50.62 % of that of the classical DTC, and the existing DTC methods available in the literature [26] and [28] , respectively. However, the average commutation frequency of the proposed DTC method 4 is 3.09 kHz, which is less than that obtained papers [26] and [28] . The proposed DTC method 4 has an average commutation frequency, av f that is only 57.65 %, 70.07 % and 95.96 % of that of the classical DTC, the existing DTC methods available in the literature [26] and [28] , respectively. This validates the superiority of the proposed DTC methods. It can be seen that the current waveform is more sinusoidal and has less harmonic content with the proposed DTC methods when compared with existing methods. The Total Harmonic Distortion (THD) is calculated up to 6000 Hz. The dominant harmonics between 2000 Hz and 4000 Hz in the proposed DTC methods 3 and 4 are much lesser when compared to the other proposed methods and the classical DTC method. It can be seen that the stator current THD of DTC method 3 is 4.40 %, which is much lower than the 5.85 % and 4.67 % of the existing DTC methods available in papers [26] and [28] .
In terms of the stator current THD, DTC method 3 exhibits better performance. However, in addition to DTC method 3, DTC method 4 also provides lesser stator current THD when compared to the classical DTC and the existing literature [26] . Fig. 13 demonstrates the effectiveness of the proposed DTC methods over the existing DTC methods. Similar conclusions are made for various operating point of the classical DTC and the proposed DTC methods with no load for an example. Due to page constraints, the waveform results are not listed here. However, a quantitative comparisons of the classical and proposed DTC methods are shown in Fig. 13 . This comparison is useful to indicate to the end users the various applications that today require torque control.
B. Results at 10 % of the Rated speed
The proposed DTC methods are analyzed at different operating points. In Fig. 8 the operating point is considered at 200 rpm (10% of the rated speed) without a load as an example. Fig. 8 shows the flux and torque responses for the classical DTC, DTC method 1, DTC method 2, DTC method 3 and DTC method 4, respectively. From top to bottom, the responses shown in Fig. 8 are the classical DTC, DTC method 1, DTC method 2, DTC method 3 and DTC method 4, respectively. The flux response is on the left and torque response is on the right.
It can be seen that at an operating point of 200 rpm, DTC method 1 gives almost same performance as the classical DTC because their switching patterns are similar. However, DTC method 2 gives less torque ripple when compared to the classical DTC and DTC method 1, but gives instantaneous spikes in the flux. The main drawback of the DTC drive is increased torque ripple at lower speeds. As a result, this analysis provides an important conclusion. It can be concluded that DTC method 3 presents the best overall performance among the four proposed DTC methods and the classical DTC.
C. Results at 25 % of the Rated Speed
At this operating point, in the view of the flux and torque ripples, DTC method 3 exhibits the best performance followed by DTC method 4, DTC method 2, DTC method 1 and the classical DTC. The ripples in the flux and torque waveform are also significantly diminished in DTC method 3 when compared to other methods proposed in this paper. This can be observed from Fig. 9 .
D. Results at 50 % of the Rated speed
As shown in Fig. 10 the high ripples and distortion in the flux and torque waveform can be noticed in all of the methods.
However, a remarkable reduction in the torque ripple can be observed in DTC method 3. DTC method 3 and DTC method 4 provide similar torque ripples, but instantaneous spikes are noticed in the torque response of DTC method 4.
E. Results at 75 % of the Rated speed
DTC method 1 almost imitates the classical DTC. DTC method 2 presents the lowest torque ripple among the other methods. According to the switching table of this method, at any point in time, the inverter provides half voltages for two lines and zero voltage for one line. This voltage is not sufficient to rotate the rotor at this speed. DTC method 3 gives satisfactory operation up to 70 % of the rated speed. However, DTC method 4 provides lesser torque ripple when compared to all of the other methods.
F. Results at 100 % of the Rated speed
It is found that there is no significant improvement in DTC method 1 when compared to the classical DTC. Large vectors are considered in both the classical DTC and DTC method 1. According to equation (7) this leads large torque ripples. At the same time, DTC method 2 presents lesser torque ripple when compared to the other methods. Nevertheless, DTC method 3 is not able to trace the reference target.
G. Response to External load disturbances
The responses to external disturbances are shown in Fig. 14  (a) -(e) for the classical DTC, DTC method 1, DTC method 2, DTC method 3 and DTC method 4, respectively. The motor is operated at a the steady state with 2.5 Nm and 50 % of the rated speed. Then the load is suddenly removed in order to check the disturbance rejection capability of both the classical and the proposed DTC methods.
In a very short period, the motor speed returns to its original speed due to its fast torque response. It is observed that there are about 3 % peak speed increases for all the proposed DTC methods 1, 2, 3 and 4, whereas it is about 2.5 % for the classical DTC method when the load is suddenly removed. However, almost all of the DTC methods including the classical DTC method take the same amount of time to reach their original speed after the load is removed. This comparison shows that all of the proposed DTC methods exhibiting fast response of the torque when compared to the classical DTC. Even though the peak speed increases about 3 %, it takes less time to reach its steady state whereas the classical DTC takes same time to reach it from its 2.5 % peak speed. However, the classical DTC, DTC method 1 and DTC method 2 exhibit the best performance at the cost of a larger torque ripple whereas DTC method 3 provides lesser torque ripple and better performance in terms of disturbance rejection.
H. Response during Start-up
In addition to the disturbance rejection characteristics, the startup characteristics are also analyzed in this paper. The responses during start-up can be seen from the Fig. 15 (a)-(e) for the classical and all of the other proposed DTC methods. Fig. 15 (a) -(e) shows the startup response without a load from zero rpm to 1000 rpm for all of the DTC methods. In all of the figures, the commending speed is marked in red and the actual speed is in blue. The zoomed response of the speed characteristics is also inserted to show the actual picture. According to the DTC principle, the motor should satisfy load requirements without any change in speed. Almost all of the DTC methods take about 0.2 s for the speed to reach its commended value. However, the steady state performance of the proposed DTC methods are greatly improved, even though all of the DTC methods take the same amount of time. The zoomed view of the speed response clearly shows the overshoot in speed. The rise in speed of DTC method 1 and DTC method 2 is smaller than the other DTC methods at the cost of a higher overshoot in speed. From Fig. 15 , it can be seen that all of the DTC methods are able to track the commending speed. However, the classical DTC and DTC method 4 have a smaller disturbance at the time of starting. There are 3 % peak speed increases in all of the proposed DTC methods whereas there is a 2.5 % peak speed increase in the classical DTC method, which is similar to the results obtained during external load disturbances. This is also noticed from the view point of the starting current taken by the motor. Except for DTC method 4, the starting inrush current for the proposed DTC methods are less when compared to the classical DTC method. In a similar fashion the ripples in the torque developed by the motor are also greatly reduced in the proposed DTC methods throughout operation. From the above discussions, it can be concluded that all of the proposed DTC methods can be suitable for adjustable speed applications.
VI. EXPERIMENTAL RESULTS
In addition to the simulation results, the proposed DTC method is experimentally tested to verify the effectiveness of the proposed methods. The experimental arrangement of the proposed system is same as that of Fig. 2 . A 1 kW PMSM is used for this experimental verification. Fig. 16 shows the experimental arrangement of the proposed system. The three phase intelligent power module is developed with an insulated gate bipolar transistor, which is used as an inverter. The gating pulses are generated in the SPARTAN 3A / 3A DSP FPGA board and then sent to the inverter. All of the experimental results are taken with help of a Tektronix TDS 2004B digital storage oscilloscope. Sample experimental results for the proposed DTC method 3 are shown in Fig. 17 , because this method provides the best results among all of DTC methods discussed in this paper.
Various experimental results were taken such as current, torque and speed at various operating points with and without a load. Experimental results were also take to evaluate robustness against external load disturbances. Fig. 17 shows the response of the proposed DTC method 3 with a load of 3 Nm and a speed of 1000 rpm. The current drawn by the motor is almost sinusoidal as can be seen from Fig. 17 (b) . Fig. 17 (c) shows a step change in the torque from no load torque to 3 Nm load torque. From the experimental results, the RMS torque ripple of the proposed DTC method 3 is 0.1463 Nm whereas for the same method 0.1092 Nm is obtained from the simulation. The responses to external load disturbances can be seen in Fig. 18 . The increment in the current magnitude can be seen in Fig. 18 . At the same time there is no observable reduction in the speed. The experimental setup still demands improvements in the area of digital implementation. If this is achieved the proposed DTC method is supposed to have performance similar to that obtained in the simulation.
VII. IMPORTANT OBSERVATIONS

Remark 1:
The first observation is the influence the number of sectors has on the torque ripple in DTC. Twelve sector DTC is capable of reducing torque ripple, but not by a significant ammount. Remark 2: A very simple and effective voltage vector combination is proposed in this paper, which can significantly reduce the torque ripple and distortion (THD) in the stator current. All of the proposed DTC methods are capable of reducing torque ripple (Refer to Table VI). Remark 3: From the analysis, it can be concluded that the number of vectors (two vector based or four vector based) used in the group will not influence on the torque ripple of DTC. At the same time, the type of voltage vector (L, M, S or Z) will affect the torque ripple to a greater extent. vector combination, the torque ripple can be significantly reduced by up to 45.51 % in the proposed DTC method. At the same time, this is seen without degrading the steady state performance. Remark 6: From the results indicated earlier, it is found that the torque ripple in the proposed DTC methods are less when compared to the classical DTC method and the existing literature. At almost all of the operating points the classical DTC provides a slightly higher torque ripple (refer Fig. 14) . However, the proposed DTC methods 3 and 4 show better performance in terms of torque ripple when compared to the classical DTC, the existing literature [26] , [28] and all of the other proposed DTC methods (refer Table VI ).
Remark 7:
The major drawback reported in the literature concerning the classical DTC is that the torque ripple during low speed operation is very high. However, all of the proposed DTC methods provides less torque ripple even at low speeds, whereas the proposed DTC methods 3 and 4 provide much lesser torque ripple among the classical DTC method, all of the other proposed DTC methods and results reported in the existing literature. Remark 8: All of the DTC methods exhibit similar decelerating capability. However, the proposed DTC 3 and 4 provide less THD in the current waveform. Remark 9: All of the proposed and existing DTC methods show good disturbance rejection characteristics at the cost of higher torque ripple except the proposed DTC methods 3 and 4. This ensures the safe operation of the entire system. Remark 10: The experimental results of the proposed DTC methods indicate that improvements in the area of digital implementation are required. As a result, further investigations are required.
VIII. CONCLUSIONS
In this paper, a novel switching table is proposed to minimize the torque ripple in the DTC of PMSM drives. The novel switching table, in which only any two / all of the voltage vectors (LZ, MZ, SZ and LMSZ) are utilized out of the four available voltage vectors (L, M, S, Z) due to an increment in the level of the inverter. The performance of the proposed DTC method is comparatively investigated with the classical DTC and existing literatures. Simulations results prove that the proposed DTC methods are able to diminish the torque ripple at different operating points when compared to the classical DTC. Consequently, the proposed DTC methods also give satisfactory performance during external load disturbance operations. The proposed DTC methods are also capable of reducing the THD in the stator current. The settling time of the torque can be reduced when compared with the classical DTC method. Furthermore, the related current ripple is also reduced. The proposed DTC methods also retain the merits of simplicity and robustness found in DTC. The effectiveness of the proposed DTC method is also confirmed by experimental validation.
